Objective We sought to determine the incidence, angiographic predictors, and impact of stent thrombosis (ST). Background Given the high mortality after ST, this study emphasises the importance of ongoing efforts to identify angiographic predictors of ST. Methods All consecutive patients with angiographically confirmed ST between 2010 and 2016 were 1:4 matched for (1) percutaneous coronary intervention (PCI) indication and (2) index date ±6 weeks to randomly selected controls. Index PCI angiograms were reassessed by two independent cardiologists. A multivariable conditional logistic regression model was built to identify independent predictors of ST. Results Of 6,545 consecutive patients undergoing PCI, 55 patients [0.84%, 95% confidence interval (CI) 0.63-1.10%] presented with definite ST. Multivariable logistic regression identified dual antiplatelet therapy (DAPT) non-use as the strongest predictor of ST (odds ratio (OR) 10.9, 95% CI 2.47-48.5, p < 0.001), followed by: stent underexpansion (OR 5.70, 95% CI 2.39-13.6, Conclusions ST remains a serious complication following PCI with a high rate of mortality. DAPT nonuse was associated with the highest risk of ST, followed by various angiographic parameters and high lesion complexity.
p < 0.001), lesion complexity B2/C (OR 4.32, 95% CI 1.43-13.1, p = 0.010), uncovered edge dissection (OR 4.16, 95% CI 1.47-11.8, p = 0.007), diabetes mellitus (OR 3.23, 95% CI 1. 25-8.36 , p = 0.016), and residual coronary artery disease at the stent edge (OR 3.02, 95% CI 1.02-8.92, p = 0.045). ST was associated with increased rates of mortality as analysed by KaplanMeier estimates (27.3 vs 11.3%, plog-rank < 0.001) and adjusted Cox proportional-hazard regression (hazard ratio 2.29, 95% CI 1.03-5.10, p = 0.042). Conclusions ST remains a serious complication following PCI with a high rate of mortality. DAPT nonuse was associated with the highest risk of ST, followed by various angiographic parameters and high lesion complexity.
What's new?
We determined the incidence of definite stent thrombosis in a Dutch cohort of percutaneous coronary intervention patients. A thorough re-evaluation of over 300 baseline and post-PCI coronary angiograms was performed by two blinded interventional cardiologists, using standardised definitions. Dual antiplatelet therapy was evaluated using prescription data that were linked to pharmacy records. Comprehensive methodological (i. e. multiple imputation chained equation) and statistical (i. e. multivariable conditional logistic regression model, and covariate adjusted Cox proportional-hazard regression) techniques were evaluated by experts. The long-term impact of stent thrombosis (up to 5 years) on mortality was evaluated.
Introduction
Despite substantial improvements in percutaneous coronary intervention (PCI) with novel stent platforms and more potent P2Y12 inhibitors, coronary stent thrombosis (ST) remains a harmful complication with high rates of mortality [1] . Previous reports investigating risk factors for ST were hampered by the rarity of this complication [2] and focused on the clinical profile rather than incorporating a thorough reevaluation of the coronary angiogram. Hence, we performed a comprehensive analysis on the incidence, angiographic predictors, and clinical impact of ST in a real-world population of patients undergoing PCI.
Methods

Study design and study population
A nested case-control study was conducted at our tertiary centre. Consecutive patients with angiographically confirmed ST as defined according to Academic Research Consortium criteria [3] between March 2010 and November 2016 were included in the study. We did not incorporate cases of very late ST (i. e. ST beyond 1 year after PCI). Angiographically confirmed acute, subacute, or late ST cases were matched to controls without ST in a 1:4 ratio based on (1) clinical indication and (2) index date ± 6 weeks of the PCI, and were randomly selected from a consecutive patient cohort of 6,545 patients to comprehensively study the incidence, angiographic predictors, and impact of definite ST. We did not use any restrictions in the random selection of matched controls. The study complied with the Declaration of Helsinki, and explicit Ethics Committee approval from our institution was waived given the non-experimental design of the study.
PCI and pharmacotherapy
PCI was performed according to standard techniques. Patients were treated with aspirin and a P2Y12 inhibitor prior to PCI, and 70-100 IU/kg of heparin during the procedure. Thereafter, aspirin was continued indefinitely, and the P2Y12 inhibitor was continued as defined by national and international guidelines for a period of 1-12 months: 1 month following baremetal stents (BMS) and 6-12 months following drugeluting stents (DES). Implantation of BMS and use of GpIIb/IIIa inhibitors were at the operators' discretion.
Reassessment of coronary angiography
Coronary angiography reassessment was conducted using Xcelera software (Philips Healthcare, Best, The Netherlands). Baseline and post-PCI angiograms of the index procedures were individually reassessed in random order by two well-experienced interventional cardiologists who were blinded to the objective of the study and to patient outcome. In case of disagreement, a consensus was reached by consulting a third interventional cardiologist. A complete list of the angiographic definitions used in our study is provided in the Supplementary Appendix. Subsequently, the level of inter-observer reliability [4] (i. e. Cohen's kappa coefficient, κ) was calculated. Cohen's kappa coefficient ranges from -1.0 to +1.0, and was considered: poor (κ < 0), slight (κ = 0-0.20), fair (κ = 0.21-0.40), moderate (κ = 0.41-0.60), or substantial (κ = 0.61-0.80). Lesion complexity was defined according to the modified American College of Cardiology/American Heart Association criteria [5] as lesion type B2 or C.
Data acquisition
Detailed clinical, procedural, and angiographic data of the index PCI were obtained for both cases and controls. After hospital discharge, the duration and compliance of antiplatelet and antithrombotic agents were verified from prescription data linked to pharmacy records. To study the use and impact of antiplatelet therapy, we compared dual antiplatelet therapy (DAPT) use at the time of index PCI to angiographically confirmed ST or 30 days prior to ST for cases. Then, we compared this to the same time period for the matched controls. Follow-up data were collected during hospital admissions, routine visits to the outpatient clinic, by a medical questionnaire, and by telephone assessment at 12 months after PCI. Information regarding the patients' vital status was obtained by the Dutch National Civil Registration.
Statistical analysis
Continuous variables are reported as means ± standard deviations (SD), and categorical variables as numbers (n) and percentages (%) compared using chisquare or Fisher exact test, Student's t-test or MannWhitney U test, as appropriate. The cumulative incidence of angiographically confirmed ST with a 95% confidence interval (CI) was calculated using the Wilson method as appropriate for events with low incidence rates. After visually checking the randomness of missing data, multiple imputation chained equation was performed using 5 datasets with 10 iterations [6] . A multivariable conditional logistic regression model was built to identify independent predictors of ST with odd ratios (OR) with 95% CI as a summary statistic. Kaplan-Meier estimates for the risk of death were analysed using a log-rank test, and reported according to good clinical practice statement [7] . An adjusted Cox proportional-hazard regression for the risk of death was performed with adjustment for: age, sex, body-mass index, hypertension, dyslipidaemia, 
Reassessment of coronary angiography
The inter-observer reliability for the overall angiographic reassessment was substantial (κ = 0.63, Supplementary Appendix). Reassessment of index angiograms showed a significant difference in an- (Fig. 3) .
Impact of antiplatelet agents on ST
We were able to verify the use of antiplatelet agents and oral anticoagulation therapy in 216 of 275 patients (>75%). DAPT non-use was common in patients following PCI, as we identified 13 cases (23.6%) that were not taking DAPT prior to ST as compared to 5 (2.3%) of the matched controls (p < 0.001). In more detail, 2 of 55 (3.6%) cases did not receive a P2Y12 inhibitor unintentionally, 6 of 55 were non-compliant (10.9%), and in 5 of 55 (9.1%) patients DAPT was discontinued.
Comprehensive identification of predictors of ST
Independent clinical, angiographic, and procedural predictors of angiographically confirmed ST were 
Impact of ST on mortality
Kaplan-Meier estimates of the cumulative risk of death were obtained for cases and matched controls with right censoring at 5 years' follow-up (Fig. 4) . Vital status was available for 273 patients (99.3%) with a median follow-up of 4.0 ± 2.1 years. Angiographically confirmed ST was associated with an increased risk of death as compared to the matched controls (27.3% vs 11.3%, plog-rank < 0.001). No differences were found in mortality with respect to cases that were treated for acute PCI as compared to planned PCI (30.8% vs 24.1%, p = 0.31). After adjustments, ST patients had a two-fold increased risk of death as compared to matched controls (adjusted hazard ratio 2.29, 95% CI 1.03-5.10, p = 0.042).
Discussion
The main findings of our study are that (1) patients who fail to use DAPT, patients with complex lesions, and patients with diabetes mellitus are at increased risk of ST; (2) a carefully executed reassessment of the coronary angiogram enabled us also to identify angiographic parameters that are strongly predictive for the risk of ST; and (3) ST continued to be a serious complication following PCI with a high rate of mortality, predominantly within the first year. Consistent with our findings, a large registry [8] found an incidence of definite ST of roughly 0.75-1.5% in the first year after implantation. An important finding of our analysis was that 13 cases (23.6%) could be attributed to inadequate use of antiplatelet agents, supporting the fact that pharmacotherapy following PCI remains pivotal. This finding is consistent with those of most studies [2, [9] [10] [11] [12] [13] [14] [15] [16] [17] , which showed that inadequate DAPT was the strongest predictor of ST, although the results of other studies [18, 19] failed to demonstrate this association. Especially in complex patients with angiographic stent underexpansion, dissections, or residual CAD, a more aggressive pharmacotherapeutic strategy (i. e. longer regimens of DAPT, high-potency lipid-lowering or antihypertensive agents) or counselling on DAPT compliance may be considered in selected patients.
Angiographic stent underexpansion, lesion complexity, uncovered edge dissection, and residual CAD within 5 mm of the stent edge were associated with ST. Various studies have addressed the importance of adequate stent deployment [20] and sizing [21] , particularly in patients with complex lesions. Studies employing intravascular ultrasound [22, 23] and optical coherence tomography [24] [25] [26] indicate that inadequate stent expansion ranges from 20 to 40% and stent edge dissection ranges from 10 to 50%. Based on our findings over 40% of the lesions in patients who suffered ST were classified as angiographically underexpanded, whereas the final angiographic result was optimal in nearly 80% of these patients, emphasising the complexity of the lesions in patients prone to ST. Our findings are consistent with those of the ADAPT-DES study [27] , which reports that IVUSguided PCI made the operator choose higher inflation pressures (23%), additional post-dilatation for underexpansion (20%), additional stent placement (8%), or longer stents (22%). These reconsiderations reduced the 1-year rate of ST by 0.5%. Based on our findings, longer DES may be considered to prevent residual CAD. From a practical point of view, it would be interesting to investigate if a careful angiographic re-evaluation may establish a reduction in adverse clinical outcomes in selected patients.
Consistent with previous reports [28] [29] [30] , roughly 90% of cases of definite ST occurred in patients with complex coronary lesions. This could have several possible explanations: (1) complex lesions enhance the risk of delayed or incomplete stent strut endothelialisation or stent malapposition, which could trigger platelet activation; (2) in patients undergoing complex PCI, more stents and longer stents are implanted, both increasing the chance of thrombogeneity and potentially predisposing to the occurrence of ST; (3) patients who underwent complex PCI could have more advanced CAD and more comorbidities that lead to faster disease progression and sudden onset of alterations that make them prone to ST.
Previous reports [31, 32] show considerable variation in mortality ranging from 17 to 45%, dependent on clinical indication and timing of ST. Given the high risk of mortality that is associated with ST, this study emphasises the importance of ongoing efforts to identify modifiable predictors of this potentially devastating complication.
Study limitations
This study has some limitations that should be acknowledged. First, by definition we did not incorporate cases of very late ST that may have underestimated the cumulative incidence by approximately 15%. Moreover, we did not consider ST from: (1) sudden cardiac death or (2) silent stent occlusion. Second, although no independent angiographic core laboratory was consulted, angiograms were reassessed and quantified in a structured, blinded, and reliable manner. We believe that the lack of an independent core laboratory did not affect the main results of this study. Third, even though we consider verified DAPT usage from linking prescription data to pharmacy records as a strength of our analysis, we obtained complete data in roughly three-quarters of our control patients that may have introduced a certain degree of bias that we tried to minimise by using data imputation. Finally, our study reflects an analysis of BMS and DES implantations, given the time period during which it was conducted. However, since BMS are obsolete in current practice, it would have been interesting to study DES exclusively.
Conclusion
Definite stent thrombosis continues to be a serious complication following stent implantation and is associated with high rates of mortality. DAPT non-use was associated with the highest risk of ST, followed by angiographic stent underexpansion, lesion complexity B2/C, uncovered stent edge dissection, residual coronary artery, and diabetes mellitus. Angiographic parameters are important to define an individual patient risk of ST.
